Abstract Multiple GATA factors ± regulatory proteins with consensus zinc ®nger motifs that bind to DNA elements containing a GATA core sequence ± exist in the ®lamentous fungus Neurospora crassa. One GATA factor, NIT2, controls nitrogen metabolism, whereas two others, WC-1 and WC-2, regulate genes responsive to blue light induction. A gene encoding a new GATA factor, named SRE, was isolated from Neurospora using a PCR-mediated method. Sequence analysis of the new GATA factor gene revealed an ORF specifying 587 amino acids, which is interrupted by two small introns. Unlike all previously known Neurospora GATA factors, which possess a single zinc-®nger DNA-binding motif, SRE contains two GATA-type zinc ®ngers. The deduced amino acid sequence of SRE shows signi®cant similarity to URBS1 of Ustilago and SREP of Penicillium. A lossof-function mutation was created by the RIP procedure. Analysis of sre + and sre A strains revealed that SRE acts as a negative regulator of iron uptake in Neurospora by controlling the synthesis of siderophores. Siderophore biosynthesis is repressed by high iron concentrations in the wild-type strain but not in sre A mutant cells. The sre promoter contains a number of GATA sequences; however, expression of sre mRNA occurs in a constitutive fashion and is not regulated by the concentration of iron available to the cells.
Introduction
The term GATA factors (GATA element binding proteins) refers to a family of transcription factors that recognize a consensus GATA DNA element. Members of this family share high homology within their DNAbinding motif, a Cys 2 /Cys 2 type zinc ®nger (Omichinski et al. 1993a, b) . DNA-binding proteins of the GATA family occur in widely dierent organisms including mammals (Evans and Felsenfeld 1989; Tsai et al. 1994; Trainor et al. 1990; Fujiwara et al. 1996) , birds (Laverriere et al. 1994) , Xenopus (Xu et al. 1997) , plants (Chang et al. 1996) , Drosophila (Ramin et al. 1993) , Caenorhabditis elegans (Speith et al. 1991) , and fungi (Fu and Marzluf 1990; Voisard et al. 1993) . These GATA factors all have either one or two consensus Cys 2 /Cys 2 -type zinc ®ngers which determine their DNA binding ability.
In vertebrates, six GATA factors (GATA1 to GATA6) have been identi®ed. Each of them contributes to tissue-speci®c gene expression or organ development (Tsai et al. 1994; Ting et al. 1996; Kuo et al. 1977; Trainor et al. 1990; Fujiwara et al. 1996; Laverriere et al. 1994; Xu et al. 1997) . Multiple GATA Factor-encoding genes have also been isolated from various fungi, including Aspergillus nidulans (Kudla et al, 1990; Chae et al. 1995) , Penicillium chrysogenium (Haas and Marzluf 1995; Haas et al. 1997) , and Saccharomyces cerevisiae (Cunningham and Cooper 1991; Minehart and Magasanik 1991; Sil and Herskowitz 1996) . Three GATA factors, NIT2 (Fu and Marzluf 1990) , WC-1 (Ballario et al. 1996) and WC-2 (Linden and Macino 1997) , have been characterized in Neurospora crassa. Dierent GATA factors appear to control distinct areas of cellular function. NIT2 is the master regulator of nitrogen metabolism (Fu and Marzluf 1990) , while WC-1 and WC-2 determine blue-light responses and circadian rhythms of N. crassa (Crosthwaite et al. 1997) .
A prerequisite for deciphering the mechanisms that allow speci®c regulation of gene expression by related transcription factors is the identi®cation of all the factors present. It seemed possible that additional GATA factors existed in Neurospora besides NIT2, WC-1 and WC-2. In the study reported here, a PCR-mediated approach was used to isolate a new GATA factor-encoding gene from Neurospora. The deduced amino acid sequence of this new protein revealed that it contains two zinc ®ngers, and thus diers from the other GATA factors from Neurospora, which have only a single ®nger motif. Functional studies show that this new GATA factor, named SRE, is a negative regulator of siderophore biosynthesis and iron homeostasis in Neurospora.
Siderophores, small molecular weight compounds which tightly chelate ferric iron, are produced by bacteria and fungi during conditions of limiting iron. The siderophores are secreted into the environment and sequester iron to allow its uptake and storage within the microbial cells (Neilands 1995; Huschka et al. 1985; Matzanke et al. 1987) . It has been suggested that siderophores are an important means for pathogenic microorganisms to acquire iron from their hosts (Neilands 1995; Neilands and Leong 1986) . Most microorganisms synthesize several kinds of siderophores (Neilands 1995; Guerinot 1994) . Neurospora elaborates four dierent siderophores, coprogen, coprogen-B, ferrichrome, and ferricrocin. Their synthesis is highly regulated by iron availability in the environment (Huschka et al. 1985) . The isolation and characterization of sre, a negative regulatory gene for siderophore biosynthesis in Neurospora, will lead to a better understanding of the regulatory circuit that governs iron metabolism in fungi.
Materials and methods

Bacterial and fungal strains
The Neurospora crassa wild-type strain 740R23, a his-3 mutant strain Y234M723, and the triple mutant strain arg-5, ota, aga were obtained from the fungal Genetics Stock Center (University of Kansas Medical Center). The wild-type strain was grown on Vogel's minimal medium (Vogel 1956 ). Y234M723 was grown on Vogel's minimal medium plus histidine, and the triple mutant on minimal media supplemented with 1 mM ornithine or 1 mM arginine and 1 mM spermidine. Escherichia coli XL1Blue (supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac A F¢ [proAB + 1acI q 1aczDM15 Tn10 (tet r )]) was used as host strain for DNA manipulations.
Media, chemicals and reagents
Low-iron (LI) medium was Vogel's minimal medium depleted of iron. High-iron (HI) medium was supplemented with 1 mM FeSO 4 for solid cultures and 10 lM FeSO 4 for liquid cultures. Crossing medium was 1´Westergaard's plus 0.1% sucrose and 4% agar noble (Singer et al. 1995; Davis and DeSerres 1970) . Ornithine, arginine and spermidine (from Sigma) were used at a ®nal concentration of 1 mM for liquid cultures.
Restriction enzymes, M-MLV reverse transcriptase, and a random primer labeling kit were from BRL (Bethesda Research Laboratories). Taq polymerase was from Boehringer and the Thermo sequencing kit was from Amersham.
Neurospora transformation
N. crassa spheroplast preparation and transformation was done as described by Akins and Lambowitz (1985) with the following modi®cations. Following Novozyme digestion, spheroplasts were washed extensively with STC (1 M sorbitol, 50 mM TRIS-HCl pH 8.0, 50 mM CaCl 2 ). Five microliters of heparin (5 mg/ml in STC, made freshly) was mixed with 1 lg DNA and incubated on ice for 5 min, before addition of 100 ll of spheroplasts. After incubation on ice for 30 min, 1 ml of PTC (40% PEG 4000, 50 mM TRIS-HCl pH 8.0, 50 mM CaCl 2 ) was added, followed by incubation at room temperature for another 20 min. The spheroplasts were added to 10 ml of top agar (1´Vogel's medium, 2.8% agar noble, 18.2% sorbitol, 2% sorbose, 0.05% fructose, 0.05% glucose), and immediately poured onto 25 ml of bottom agar (1´Vogel's medium, 1.5% agar, 2% sorbose, 0.5% fructose, 0.05% glucose). Transformants were picked after 2 days incubation at 30°C. RIP mutagenesis A 1.7-kb EcoRI fragment, containing most of the sre coding region (Fig. 1A ), linked to a truncated his3 gene in pDEI vector was targeted to the his3 gene locus of the his3
A mutant strain. Transformants were selected on minimum medium on which the host strain cannot grow. Genomic DNA was isolated from the putative transformants and Southern analysis was used to check the copy number of the target DNA fragment in each transformant. One transformant carrying one extra copy of sre was crossed with a wild-type strain of the opposite mating type. Ascospores were heat treated at 68°C for 30 min and spread on Vogel's minimum medium. Single colonies were picked and tested for growth on different media to determine their phenotype (Singer et al. 1995; Davis and DeSerres 1970) .
DNA procedures
Neurospora genomic DNA was isolated as described (Leach et al. 1986 ) and used for PCR and Southern blot analysis.
pBlueScript KS (+) (Stratagene) was used as the vector for DNA subcloning. The DNA fragment for subcloning was puri®ed with Geneclean (Bio101). DNA cloning, PCR, Southern blot and cosmid library screening all followed standard procedures (Sambrook et al. 1989) . Two degenerate primers that cover the region coding for the conserved zinc-®nger region of GATA factors were used:
5¢-ACNCCNYTNTGGMG-3¢ and 5¢-APNCCP-CANGCPTTPCA-3¢ (Y T/C; M A/C; P A/G; N any nucleotide). The conditions used for PCR were as follows: 33 cycles of 1 min at 94°C, 1 min at 40°C, and 1 min at 72°C. The probe for Southern analyses and library screening was labeled with a random primer labeling kit (Bethesda Research Laboratories). DNA sequencing followed the protocol provided with the Thermo sequencing kit (Amersham).
RNA procedures
Whole-cell RNA from N. crassa was isolated as follows. Frozen (A70°C) mycelia were pulverized in a pre-chilled mortar and pestle, and then suspended in 5 ml of UNSET (8 M urea, 150 mM NaCl, 100 mM Tris-Hcl pH 7.5, 1.0 mM EDTA, 2% SDS). After extracting ®ve times with phenol/chloroform, one-tenth volume of 3 M sodium acetate pH 5.2 and two volumes of cold ethanol were added to precipitate RNA at A70°C. The pellet was washed with 70% ethanol, then resuspended in TE or water.
Northern blots were done by loading cell RNA samples (50 lg RNA in 20 mM MOPS pH 7.0, 8 mM sodium acetate, 1 mM EDTA, 2.2 M formaldehye, 50% formamide, 50% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol FF, ethidium bromide) on 1% formaldehyde gels (1% agarose, 0.02 MOPS pH 7.0, 8 mM sodium acetate, 1 mM EDTA pH 8.0, 2.2 M formaldehyde). Blotting and hybridization followed standard procedures (Sambrook et al. 1989) .
RT-PCR was done by adding 50 lg of whole-cell RNA to the reverse transcription system, which contained 50 mM TRISHCl pH 8.3, 75 mM KCl, 10 mM DTT, 3 mM MgCl 2 , 0.5 mM each of dGTP, dTTP, dCTP, dATP, 10 lg/ml oligo (dT) 12±18 , and 200 U M-MLV reverse transcriptase. The total volume was adjusted to 50 ll, then the sample was incubated at 37°C for 60 min. The derived nucleic acid was used as a template to amplify a cDNA copy of the sre gene. The reaction mixture (5 ll cDNA, 5 ll of each primer (150 lg/ml), 4 ll of 5 mM dNTP mixture, 10 ll of 10´PCR ampli®cation buer in a total volume of 100 ll) was heated for 2 min at 94°C and centrifuged for 1s to collect condensate. Then 0.5 ll (2.5U) Tag DNA polymerase (Boehringer) was added to the mixture. Following PCR (39 cycles of 1 min 94°C, 2 min 55°C, and 2 min 72°C, with a ®nal round of 2 min at 55°C and 7 min at 72°C), the products were used for cloning or for direct sequencing using an internal primer.
Siderophore assay
Three methods were employed to detect siderophores: colony color, a ferric perchlorate assay, and thin-layer chromatography.
Wild-type and sre mutant strains were grown on solid medium supplemented with 1 mM FeSO 4 . On this medium, sre mutant colonies are orange colored, due to continuous excretion of siderophores which from a complex with free iron. In contrast, wild-type colonies remain white because siderophore synthesis is suppressed by the high iron concentration (Voisard et al. 1993) .
For the ferric perchlorate assay, Neurospora was grown for 48 h in liquid media (low-iron or high-iron). The culture was centrifuged, the supernatant was collected, and an equal volume of perchlorate assay solution [5 mM Fe(ClO 4 ) 3 , 0.1 M HClO 4 ] was added. The absorbance was determined at 495 nm using fresh medium as the control (Atkin et al. 1970) .
The same supernatants were also used for thin-layer chromatography. Siderophores were isolated from the cell-free liquid growth medium (Garibaldi and Neilands 1955) . Siderophore iron extracts were applied to silica gel plates (Sigma). Thin-layer chromatography was then carried out using methanol:water (9:1, v/v) as the solvent system (Budde and Leong 1989) .
Enzyme assay L-ornithine-N 5 -oxygenase enzyme activity was determined as previously described (Mei et al. 1993 ) with minor changes. N. crassa cells grown on low-iron or high-iron medium were collected and suspended in potassium phosphate buer (pH 8.0). The cells were disrupted with a Mini-bead-beater (Biospec Products) using two periods of 3 min. The homogenate was centrifuged at 12 000´g for 15 min, and the supernatant was saved to measure enzyme activity. Plattner's method (Plattner et al. 1989 ) was used, with minor changes, to determine the enzyme activity. The reaction mixture (200 ll of 0.5 mM potassium phosphate pH 8.0, 50 ll 10 mM NADPH, 10 ll 0.5 mM FAD, 400 ll cell extract, 150 ll 10 mM L-ornithine, 200 ll H 2 0) was incubated at 30°C for 2 h and the reaction was stopped by addition of 0.5 ml 0.2 M perchloric acid. The same amount of perchloric acid was added to one sample before incubation as a control. The samples were centrifuged and each supernatant was taken for the iodine oxidation test (Tomlinson et al. 1971) . After a brief centrifugation of the sample to remove any denatured protein, the absorbance at 520 nm was determined. The protein concentration was determined with the Bradford assay (BioRad).
Results
Isolation of the gene which encodes the new Neurospora GATA factor PCR ampli®cation from N. crassa genomic DNA identi®ed a new GATA-like zinc-®nger sequence, as described in Materials and methods. The PCR product was used to screen a Neurospora cosmid DNA library and a positive clone was isolated from which was subcloned a 5.7-kb HindIII-SacI DNA fragment, which includes the entire coding region, 400 bp of 3¢ untranslated region and 3.5 kb of the 5¢ upstream sequence of the new GATA factor (Fig. 1a) .
Nucleotide sequence and sequence comparisons
The nucleotide sequence of the 3478-bp KpnI-SacI fragment containing the 1887-bp sre coding region, 1151 bp of 5¢ -non coding region and 407 bp of 3¢-non coding region was determined for both strands (Fig. 1B) . RT-PCR was used to examine the intron/exon structure of this gene, revealing the presence of two small introns. The ORF deduced from the nucleotide sequence encodes a putative protein of 587 amino acids. This new gene was named sre-(for siderophore regulation) based on its function (see below).
The sequence analysis revealed the presence of six GATA sequences in the promoter region of sre gene. Three of them are closely clustered. Compared with known GATA-factor binding sites, these GATA sequences may represent an element that bindings a GATA factor. This suggests possible autoregulation of the sre gene, or that sre is regulated by another GATA factor.
The sequence surrounding the translation start site (AGGAATGGCA) of the sre gene matches the consensus sequence for translation start sites in N. crassa, with GC following and an A immediately preceding the ATG initiation codon.
Unlike several other Neurospora GATA factors, which have a single zinc ®nger, the SRE protein contains two zinc ®nger motifs. The deduced amino acid sequence of SRE was compared with other GATA factors from both vertebrates and invertebrates. The C-terminal zinc ®nger of the SRE exhibits high homology with C-terminal Zinc ®nger of the vertebrate GATA factors and also to the single zinc-®nger region of the fungal GATA factors. The N-terminal zinc ®nger of SRE showed homology with the N-terminal zinc ®nger of the vertebrate GATA factors (Fig. 2) .
Except for the zinc ®nger region, the other parts of the SRE protein do not show signi®cant identity with other GATA factors. The only exception to this is a stretch of 28 amino acids located between the two zinc ®ngers of SRE, which shows considerable similarity to the fungal GATA factors SREP (Haas et al. 1997 ) and URBS1 (Voisard et al. 1993) , both of which also contain two zinc ®ngers. This particular amino acid sequence shows about 50%. overall identity among the three proteins and contains four conserved Cys residues (see Fig. 2C ). In addition, the positions of the two introns in Neurospora sre are perfectly conserved in sreP from P. chrysogenum (Haas et al. 1997 ). The two zinc ®ngers in these three fungal GATA factors are separated by about 120 amino acids, a greater distance than that between the vertebrate two±®nger GATA factors. This ®nding suggests that these three fungal GATA factors may have a similar function.
Disruption of sre and the phenotype of a sre null mutant
To elucidate the function of SRE, RIP (repeat induced point mutation) was used to disrupt the sre gene (Singer et al. 1995) . The 1.7±kb EcoRI fragment, which includes almost the entire coding region and part of the 3¢ untranslated region of the sre gene was linked to a truncated his-3 gene in the pDEI vector. The new construct was targeted to the his3 locus in a his3-Neurospora strain Fig. 1A , B Structural organization, DNA sequence and deduced amino acid sequence for the N. crassa sre gene (GenBank Accession No. AF087130) . A Restriction map of the 6-kp HindIII-SacI fragment of the N. crassa genomic DNA containing the sre gene. The ORF is indicated by the box. The two black segments represent the two introns. B The entire DNA sequence and deduced amino acid sequence of the N. crassa sre gene. The amino acid sequence is represented by uppercase letters above the DNA sequence. GATA sites in the promoter region are indicated by arrows beneath them. The two zinc ®ngers are underlined and the region between the zinc ®ngers, which shows high homology with the same region of URBS1 and SREP, is also underlined. Non-coding regions are represented by lowercase letters. The stop codon is indicated by an asterisk by transformation, as described in Materials and methods. Genomic DNA was isolated and Southern blots were used to identify a transformant which carried one extra copy of the new gene. It was crossed with wild type to obtain a RIP mutant strain. The presumptive sre RIP mutant selected did not contain an intact sre gene, as shown by Southern analysis (data not shown).
After several days of growth on iron-rich plates, the sre RIP mutant colonies were orange colored, while the wild type remained white. This phenotype suggested that this new Neurospora GATA factor-encoding gene is involved in iron metabolism (Voisard et al. 1993 ).
Ferric perchlorate assay and thin-layer chromatography
To further con®rm the phenotype of the sre mutant, siderophore production was examined by a ferric perchlorate assay and by thin-layer chromatography. Both methods have been used successfully in the study of iron transport in Ustilago (Voisard et al. 1993) .
The results of both tests revealed that synthesis and excretion of siderophores is suppressed under high-iron conditions in wild-type N. crassa. In contrast, the loss-offunction sre mutant expresses the siderophore biosynthesis pathway irrespective of the iron content of the growth medium (Figs. 3, 4) . For both of these tests, a triple mutant ± arg-5, ota, aga ± was used as a control. This mutant cannot synthesize ornithine, which is the substrate for L-ornithine-N 5 -oxygenase in the ®rst committed step in fungal siderophore biosynthesis. This triple mutant produced siderophore only under low-iron conditions and when ornithine was supplied in the growth medium, con®rming that both tests speci®cally detect siderophores (Figs. 3, 4) . Thus, the perchlorate assay and thin-layer chromatography con®rmed that SRE plays a negative role in controlling siderophore biosynthesis in Neurospora. Moreover, since siderophore biosynthesis was only partially derepressed in the loss-of-function mutant, the existence of additional regulatory elements involved in this control circuit is suggested.
Regulation of L-orinthine-N
-oxygenase
Regulation of the ®rst enzyme speci®c for siderophore biosynthesis, L-ornithine-N 5 -oxygenase, was examine in Comparison of the highly conserved region between the two zinc ®ngers from N. crassa SRE, U. maydis URBS1, and P. chrysogenum SREP. The consensus sequences derived from each comparison are shown at the bottom. hGATA-1 is human GATA-1, cGATA-1 is chicken GATA-1, and mGATA-1 is mouse GATA-1 Fig. 3 Ferric perchlorate assay for siderophore production under dierent growth conditions. The wild-type strain, the sre RIP mutant and the arg-5 ota aga triple mutant were grown either in high-iron or low-iron conditions. For the triple mutant, the medium was supplemented with either 1 mM ornithine or with 1 mM arginine and 1 mM spermidine as indicated. The absorbance of each sample at 495 nm was measured and standardized relative to the amount of mycellium used. The error bars indicate the standard deviation for ®ve independent assays wild-type and sre mutant cells grown under conditions of low iron and high iron. After growth of the wild-type and mutant strains for 39 and 45 h, the cells were collected, homogenized, and assayed for L-ornithine-N 5 -oxygenase activity as described in materials and methods. The results demonstrated that expression of this enzyme is regulated by the iron concentration of the growth medium (Table 1) . In wild type, the enzyme was expressed at a high level in cells grown with low iron, and only at a very low level in cells growing on high iron. In contrast, cells of the sre mutant strain possessed signi®cant L-ornithine-N 5 -oxygenase activity whether grown in low iron or high iron medium (Table 1) .
Analysis of sre mRNA
To study the expression of the sre gene, Northern analysis was used to analyze total RNA from both the wild type and the sre mutant grown on low-iron and high-iron media.
Using the 1.7-kb EcoRI sre fragment as the probe, a 3-kb transcript was detected in the wild-type strain (Fig. 5) . This transcript was present in identical amounts in wild-type cells grown in low-iron and in high-iron medium. This indicates that sre gene expression itself is not regulated by the iron concentration. In contrast, this a Cells were grown on high-iron (H-Fe) or low-iron (L-Fe) medium for dierent periods of time. Total cell protein was isolated and enzyme assays were done as described in Materials and methods. The absorbance at 520 nm was taken for each sample and the value was standardized by the amount of protein used in the assay. The number in parentheses is the standard deviation obtained for ®ve independent assays Fig. 4 Thin-layer chromatography assay for siderophore production under dierent growth conditions. The wildtype strain, the Sre RIP mutant and the arg-5 ota aga triple mutant were grown on either high-iron or low-ion medium. For the triple mutant, the medium was either supplied with 1 mM ornithine or with 1 mM arginine and 1 mM spermidine. The siderophore was isolated from the growth medium, and the Fe-siderophore complex was separated on a silica plate as described in Materials and methods Fig. 5 Northern analysis of N. crassa sre gene expression. Total RNA was isolated from the wild type and the sre RIP mutant under either high-iron or low-iron growth conditions. 50-lg aliquot of total RNA was loaded in each lane, and after electrophoresis, blotted onto nitrocellulose ®lter. The ®lter was probed with a P 32 -labeled EcoR1 fragment of the sre gene. Expression of b tubulin was used as an internal control transcript was not detected in RNA from the sre RIP mutant, whether grown on low-iron or high-iron medium; equivalent loading of RNA was demonstrated using the b-tubulin transcript as an internal control (Fig. 5) . This result is consistent with the genomic Southern data for the sre mutant, which con®rmed that the gene had been disrupted (data not shown). A weak band, which appeared below the 3-kb sre transcript, is an artifact due to trapping of the probe by the large amount of rRNA.
Comparison of the level of sre mRNA with the b-tubulin transcript revealed that the transcription level of sre is very low, as expected for a regulatory factor.
Discussion
Iron is an essential component of many enzymes of primary metabolism for nearly all living organisms (Guerinot 1994) . In vertebrates, transferrin and ferritin play a major role in the transport and storage of iron. Both proteins are regulated by the iron concentration inside the cells (De Silva et al. 1996) . In many microorganisms, transport of iron is facilitated by low-molecular-weight compounds known as siderophores. The cells possess a membrane transport system which transports siderophore-iron complexes (Guerinot 1994) . Dierent fungal species use dierent kinds of siderophores for iron transport. Iron metabolism may be related to pathogenic behavior in ®lamentous fungi, since iron is tightly sequestered in all host cells due to the toxicity of this metal. Two genes involved in iron metabolism have been cloned from Ustilago. One of them, sid1, encodes the ®rst enzyme in the siderophore synthesis pathway ± L-ornithine-N 5 -oxygenase (Mei et al. 1993) ; the other, urbs1 is a negative regulator which controls this pathway (Voisard et al. 1993) . A recent study showed that URBS1 binds to GATA sites in the promoter region of the sid1 gene (An et al. 1997a ) and that its second zinc ®nger is required for iron-mediated repression (An et al. 1997b) .
In this study, a PCR-based method led to the isolation from Neurospora of a new gene, designated sre, which encodes a new GATA factor that contains two zinc ®ngers, similiar to GATA factors found in vertebrates. The deduced amino acid sequence of SRE revealed signi®cant identity, not only in the two zinc-®nger regions but also in a Cys-rich intervening region, to the siderophore regulator URBS1 from U. maydis (Voisard et al. 1993) , SREP from P. chrysogenum (Haas et al. 1997) , and Gaf2 from Schizosaccharoyces pombe (Hoe et al. 1996 ). An SRE mutant strain was created by the RIP procedure (Singer et al. 1995) .
The results of growth tests, colormetric tests, thinlayer chromatography and assays of L-ornithine-N 5 -oxygenase, the ®rst committed step in siderophore biosynthesis, indicated that sre encodes a negative regulator of siderophore biosynthesis.
Siderophore production is only partially derepressed in the sre loss-of-function mutant, indicating that this pathway is not regulated exclusively by SRE. It is possible that one or more other negative factors are involved in the control of this pathway or that a positive regulatory protein is needed to increase expression of siderophore biosynthetic enzymes during iron limitation. An example for such a regulatory mechanism exists in yeast: the negatively acting GATA factor Ashlp controls, in concert with the positive regulator Swi5p, mating type switching in S. cerevisiae (Sil and Herskowitz 1996) . It is even possible that SRE acts more generally as a negative regulator and carries out particular control roles together with pathway-speci®c regulators.
Northern analysis indicated that sre is expressed constitutively and that its expression is not regulated by the iron content of the growth medium. This ®nding is analogous to the situation in U. maydis, where expression of URBS1 is also constitutive, indicating that a posttranscriptional event must modulate the activity of these transcription factors for siderophore biosynthesis (Voisard et al. 1993) .
The vertebrate GATA factors all have two zinc ®ngers, and all appear to have a positive function. These transcription factors can interact with various proteins, whereby the zinc-®nger regions are necessary not only for DNA recognition but also for these interactions. For example, GATA-1 interacts with sp1, a general transcription factor, and EKLF, an erythoid kruppel-like factor, in order to cooperatively regulate cell-speci®c erythoid gene expression at the transcriptional level (Merika and Orkin 1995) . Similar functions may be anticipated for the ®ngers of SRE from Neurospora.
SRE, together with its homologues URBS1 from Ustilago (Voisard et al. 1993) , SREP from penicillium (Haas et al. 1997) , and Gaf2p from S. pombe (Hoe et al. 1996) , appear to comprise a new sub-family of GATA factors. Instead of having two zinc ®ngers closely following each other, as with the GATA factors from vertebrates, the two zinc ®ngers in this new group of GATA factors are separated by a long stretch of amino acid sequence, which displays signi®cant identity in SRE, URBS1 and SREP. Two of them, SRE (this study) and URBS1 (Voisard et al. 1993) , have been demonstrated to be negative regulators of iron uptake.
Neurospora possesses multiple GATA factors, including NIT2 (Fu and Marzluf 1990) , WC-1 (Ballario et al. 1996) , WC-2 (Linden and Macino 1997), and SRE. All of them have similar zinc-®nger DNA-binding motifs. These dierent GATA factors regulate distinct metabolic pathways within the same cells. At least two mechanisms could allow these GATA factors speci®cally to regulate only their own target genes. The¯anking region of the GATA core binding sites might determine the DNA-binding speci®city of each GATA factor (Ravagnani et al. 1997) . A second possibility is that each GATA factor interacts with one or more pathway-speci®c proteins, which determines the regulatory speci®city of that GATA factor. Both mechanisms may be involved in conferring speci®c regulatory functions on particular GATA factors. Further analysis of the mechanism of SRE function will help to elucidate this basic question of regulatory speci®city.
